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The tribology of fructose derived biofuels for DISI gasoline engines combustion properties of the fuel against gasoline, ethanol, and DMF. MF has a higher indicated thermal 23 efficiency than both DMF and gasoline by some 3% due to its high burn rate. It also has a volumetric indicated 24 specific fuel consumption some 30% lower than ethanol. When burned, MF produces lower levels of particulate 25 matter (PM) [17, 18] which is environmentally beneficial and also reduces soot loading in the lubricating oil
26
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4
Hu et al. produced the only study on the lubricity of DMF using a four-ball tribometer [22] . They found that the 5 fuel showed greater wear resistance and lower friction than gasoline and was capable of enhancing gasoline 6 when used as an additive. They suggested oxygen within the molecule contributes significantly to friction 7 induced chemical reactions, leading to greater lubricating properties. An optimal blend ratio of 4% was 8 suggested, although pure DMF had greater lubricity than all blends: However, this test is not representative of 9 the mechanics of the fuel injector pump -similar to that defined in ASTM D6079 [23.24] . MF and DMF both
10
show greater knock suppression than gasoline [17, 25] suggesting that they would be appropriate for use in
11
higher compression ratio SI engines. Daniel et al. showed that DMF has higher combustion efficiency than that of gasoline but a lower thermal efficiency due to the higher combustion temperatures [25] . They showed that the 13 engine out emissions produced, with the exception of NOx, are similar to those of gasoline. DMF is most 14 commonly used and tested using DI techniques and has been found to improve the thermal efficiency of a SI
15
engine when used in dual injection testing [26, 27] .
17
Although the validity of MF and DMF as suitable fuel replacements in terms of their combustion has been 18 confirmed, the lubricating performance has received little attention. This paper assesses MF and DMF and their
19
blends with gasoline in terms of their lubricity. ASTM D6079, defining a Standard Test Method for Evaluating
20
Lubricity of Diesel Fuels by the High-Frequency Reciprocating Rig (HFRR) has been adapted and used to assess 21 the lubricity of pure MF and DMF, and as a lubricity enhancement blended with gasoline. All have been benched marked against commercial gasoline. This paper provides tribological data confirming the validity of MF, DMF
23
and their blends with gasoline as appropriate automotive fuels.
25

METHODOLOGY AND MATERIALS
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The test conditions are shown in 
23
Where WSD is the wear scar diameter, M is the major axis of the scar and N is the minor axis of the scar.
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12
This confirms the findings of Hu et al. [22] with regards to DMF lubricity. Experimental results are shown in 
16
further 5% compared to the initial drop of 46.5% from 0-2% vol DMF. Similar to the findings of Hu et al. [22] 17 results showed that the presence of DMF greatly enhanced the frictional properties of gasoline at all 18 concentrations tested. The average friction coefficients can be seen below in 
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2
The average value for friction coefficient for all blends of MF and DMF were lower than pure gasoline, however 3 even the lowest value observed when MF was blended with gasoline was higher than all DMF blends tested. The 4 decrease for MF is less than that seen with DMF suggesting that the frictional properties of MF, although being 5 better than gasoline, are not as good as DMF. The MF/gasoline blends also produced much less stable frictional 6
properties, compared to the DMF blended fuels. Overall however, the greater lubricity of MF and DMF would 7 lead to a reduction in friction losses within the fuel injection equipment, helping to improve the overall engine 8 efficiency [1] . This reduction in friction suggests that both MF and DMF as well as their blends with gasoline 
24
The addition of MF to gasoline had a similar effect on the wear resistance of the fuel to that seen during the 25 addition of DMF. The WSD showed a significant reduction of 46% with only a 2% vol addition of MF. The overall
26
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6
The improvement in the friction and wear resistance properties experienced with the addition of both MF and
7
DMF to gasoline can be explained by the polar nature of these biofuels. These polar molecules are able to bind 8 to the material surface, forming a thin tribo-film that acts to separate the material surfaces more effectively,
9
decreasing the interaction and hence reducing both friction and wear. At the saturation volumes of each 10 individual fuel it can be assumed that there is enough of the polar molecules to create a film across the surface
11
and increasing the volume of either MF or DMF past this point has no effect on the film [23] . Reduction in wear
12
experienced as a result of adding MF or DMF to gasoline would lead to increased longevity and reliability of 13 components within the fuel delivery systems.
15
Surface topography
16
Data collected from analysis of the lower sample wear scars generated during testing can be seen in Figure 5 .
17
This shows the average depth of the lower wear scar when three profile measurements were taken, 18 perpendicular to the sliding direction. Measurements were made at DMF %vol. of 0, 2, 6, 10, 20 and 100%. On
19
observation of the DMF/gasoline blend data the largest wear scar was generated when testing pure gasoline,
20
correlating to the largest WSD found on the upper samples seen in Figure 4a . At all blend percentages tested, 21 except for 6%vol. DMF, the wear scar depth decreased as blend percentage increased. At 6%vol. DMF there was an unexpected peak in wear scar depth that does not match the WSD or friction coefficient data. Of interest is 23 the increased width of the wear scar generated when testing pure gasoline in comparison to all tests with DMF
24
content within the blend. The wear scar width for pure DMF was less than a third of that seen for gasoline with
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3
The profile wear scar depth did not follow the same pattern for MF blends with gasoline. The smallest value for 4 wear scar depth, 1.67 µm, was generated at 20%vol. MF, this being the lowest value for all blends tested of MF
5
and DMF. The largest value of wear scar depth, 6.73 µm, was generated at 2%vol. MF. With regards to the wear 6 scar width, the smallest value was generated at 20%vol. MF and the largest is that of pure gasoline. The pattern 7
seen from DMF testing confirms that the pure substance has the best lubricating properties, and that the 8 optimum blend tested was that with the highest percentage volume of DMF. The MF testing however did not 9 match the earlier values measured for WSD and friction coefficients, suggesting that the optimum fuel for wear 10 resistance is the 20%vol. MF blend.
12
Surface chemistry
13 Table 4 lists the FTIR spectrum wavenumbers observed when imaging the material surfaces and their associated 14 chemical groups. Due to the atmosphere within which the samples were tested a peak can be seen in all spectra
15
at 2350 cm -1 . This was the flex vibration peak attributed to a carbon triple bond [34] . Other peaks observed included those of the hydroxyl (-OH, 3441cm -1 , stretching vibration), methyl (-CH 3, 2931cm -1 , stretching vibration), methylene (-CH 2 -, stretching vibration ) and furan groups as well as carbonyl (-C=O, 1780 cm -1 ),
18
aromatic carbon (C-C,1400 cm -1 ) bonds and furanyl (1220 cm -1 and 791 cm -1 ). FTIR spectra for each sample can be seen in 
21
The Gasoline spectra show that different reactions took place in the surrounding fluid film area, the wear scar boundary and the wear scar centre. In Figure 6 (a), the presence of carbonyl compounds and carbon bonds at 
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4
The DMF spectra (Figure 6(b) ) showed that fewer chemical compounds were present on the material surface after friction. The presence of the hydroxyl group on the wear scar edge was indicative of a friction-induced 
16
The MF /gasoline blend tested (6%vol. MF) (Figure ( 
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3
Wear and lubrication mechanisms 4
The wear scar on the disc specimens were also observed using an FE-SEM and results are shown in Figure 7 . The 5 specimen tested in the pure gasoline tests (Figure 7 (a) ) had a large wear scar with severe abrasive grooves, 
12
has only one methyl group. As a result of this, the DMF tribo-film with stronger polarity, would provide a more 13 robust lubrication regime and protect the surface of specimens from wear. This is why a smaller and smoother
14
wear scar was observed on the specimens tested in DMF (Figure 7 (c) ). 
20
CONCLUSIONS
21
Both 2-methylfuran (MF) and 2,5-dimethylfuran (DMF) have better lubricating characteristics than gasoline. DMF was found to be a better lubricant than MF both in terms of its frictional properties and wear resistance. The
23
following conclusions from this study can be drawn:
Both pure MF and DMF showed better frictional properties than gasoline. At all %vol. blends greater than 0, the presence of both MF and DMF improved the lubricity of the fuel. At 10% vol DMF the blend was stable,
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The tribology of fructose derived biofuels for DISI gasoline engines following with increasing the percentage volume having a minimal effect on the blends lubricity. From the data 1 collected the MF/gasoline blends cannot be considered as stable with regards to the frictional properties. 
27
Combustion chemistry and flame structure of furan group biofuels using molecular-beam mass spectrometry and gas chromatography -Part 
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